Introduction {#Sec1}
============

Pulmonary arterial hypertension (PAH) is a devastating disease characterized by pulmonary vascular remodeling with medial hypertrophy, intimal proliferative and adventitial thickening, and perivascular inflammatory infiltrates^[@CR1]^. The hallmark feature of PAH---pulmonary vascular remodeling---is associated with the excessive proliferation and resistance to apoptosis of pulmonary artery smooth muscle cells (PASMCs). Advances in the treatment of PAH have led to improved outcome and prognosis of PAH patients, with 5-year and 10-year survival rates of 52--75% and 45--66%, respectively;^[@CR2]^ however, these patients still have functional limitations and reduced long-term survival, possibly due to irreversible pulmonary vascular remodeling. Thus, novel therapies are needed in order to reverse or reduce pulmonary vascular remodeling in PAH.

MicroRNAs (miRNAs) are endogenous small noncoding RNAs (∼22 nt) that negatively regulate gene expression by binding to the 3′ untranslated region (3′-UTR) of their target coding mRNA to inhibit expression by blocking translation and/or accelerating mRNA degradation^[@CR3]^. A growing number of studies have reported that specific miRNAs can improve the outcome of PAH, suggesting that miRNAs may play a role in the pathogenesis of PAH^[@CR4],\ [@CR5]^. Recent studies have shown that the miR-125a-5p plays a key role in several regulatory processes, including the proliferation, migration, and apoptosis of various cell types, thereby affecting the development of certain diseases. However, the precise role of miR-125a-5p in PAH is poorly understood. Here, we investigated the role of miR-125a-5p in the development of monocrotaline-induced PAH (MCT-PAH) in rats, and we examined its underlying mechanism.

Materials and methods {#Sec2}
=====================

Ethics {#Sec3}
------

All experiments were performed in accordance with the Shanghai JiaoTong University Ethics Committee and conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health and the tenets outlined in the Declaration of Helsinki.

Experimental animal model and treatment {#Sec4}
---------------------------------------

Monocrotaline (MCT; Sigma-Aldrich, St. Louis, MO) was dissolved in phosphate-buffered saline. The pH was adjusted to 7.4 with 0.1 N HCl, and the volume was increased to achieve a final concentration of 20 mg/ml. The MCT solution was sterilized by passing through a 0.45-μm syringe filter, aliquoted, and stored at 20 °C. On day 1, rats were given an intraperitoneal injection of 50 mg/kg MCT to induce PAH; control rats received normal saline (0.9% NaCl)^[@CR6],\ [@CR7]^. To investigate the effect of increasing miR-125a-5p expression in vivo, MCT-PAH rats received the miR-125a-5p agomir (1 nM or 2 nM; RiboBio, Guangzhou, China) via a nebulizer. One set of rats received the miR-125a-5p agomir at week 2 (relative to the MCT injection) and were sacrificed at week 3 (Early Therapy); a second set of rats received the miR-125a-5p agomir at week 3 and were sacrificed at week 4 (Late Rescue Therapy).

Hemodynamic measurements {#Sec5}
------------------------

At week 3 or week 4, rats were anesthetized with pentobarbital (40 mg/kg), and the right heart was catheterized. A specially designed J-shaped polyethylene catheter (0.9 mm) filled with heparinized saline was introduced into the right external jugular vein, and then advanced through the right atrium and right ventricle (RV). Proper positioning of the catheter was confirmed by the shape of the pressure trace curve. Once the shape of the pressure curve was stable, the following hemodynamic parameters were measured using an ML110 pressure transducer and recorded using a PowerLab data acquisition system (both from ADInstruments, New South Wales, Australia): mean right ventricular pressure (mRVP) and systolic pulmonary arterial pressure (SPAP).

Tissue preparation and histology {#Sec6}
--------------------------------

After the hemodynamic measurements were obtained, the rats were immediately sacrificed. The lung tissue was infused with 0.9% normal saline via the pulmonary artery (PA). The PA was then isolated from the lungs and stored at −80 °C for molecular experiments. The lower lobe of the right lung was fixed in 4% paraformaldehyde at 4 °C for 24 h, then embedded in paraffin. To quantify remodeling of the RV, the free wall of the RV and the left ventricle plus septum (LV + S) were dissected and weighed, and the Fulton index was calculated using the formula \[RV/(LV + S)\]. In addition, paraffin-embedded lung tissue samples were sectioned at 5-µm thickness, and the sections were stained with hematoxylin-and-eosin (H&E); pulmonary vascular remodeling was then measured by calculating the percentage of pulmonary artery wall area relative to the total artery area (10 arteries were measured per animal).

Culture, treatment, and stimulation of PASMCs {#Sec7}
---------------------------------------------

Pulmonary artery smooth muscle cells (PASMCs) were isolated from male control and MCT-PAH rats and cultured for 3--5 passages prior to use in all experiments. PASMCs were grown in high-glucose DMEM (Shanghai Basalmedia Technologies Co., Ltd., Shanghai, China) with 10% FBS (Sigma-Aldrich) and 0.5% antibiotic/antimitotic (Shanghai Basalmedia Technologies, Shanghai, China). PASMCs were positively identified using immunofluorescence with the anti-α-SMA antibody (Abcam, Cambridge, UK) (Supplemental Figure [S1](#MOESM1){ref-type="media"}). The role of miR-125a-5p was assessed using the miR-125a-5p agomir (50 nM) or the miR-125a-5p antagomir (100 nM) (RiboBio, Guangzhou, China), with high transfection efficiency (Supplemental Figure [S2](#MOESM1){ref-type="media"}). For each experiment, the respective negative controls for the miR-125a-5p agomir or antagomir (RiboBio, Guangzhou, China) were used. To stimulate PASMCs, the cells were incubated in medium alone (as a control) or in medium containing 10 ng/ml TGF-β1 or IL-6 (PeproTech, Rocky Hill, NJ).

Proliferation and apoptosis measurements {#Sec8}
----------------------------------------

To study the in vitro effect of miR-125a-5p on PASMC proliferation and apoptosis, unstimulated PASMCs were transfected with either the miR-125a-5p agomir or the miR-125a-5p antagomir (or the respective negative control). PASMC proliferation was measured using the CCK8 kit (Dojindo Molecular Technologies, Inc., Rockville, MD) in accordance with the manufacturer's instructions. Apoptosis of PASMCs was quantified using the Annexin V-FITC Apoptosis kit (Miltenyi Biotec, Inc., Bergisch Gladbach, Germany) in accordance with the manufacturer's instructions followed by flow cytometry.

Enzyme-linked immunosorbent assay {#Sec9}
---------------------------------

The culture medium from PASMCs was collected 48 h after transfection with the miR-125a agomir or antagomir (or the respective negative control) and centrifuged at 10,000×*g* for 10 min at 4 °C. The supernatant was placed immediately at −80 °C in aliquots and thawed only once before measurement. The protein levels of TGF-β1 and IL-6 were measured using an enzyme-linked immunosorbent assay (ELISA) as described previously^[@CR8]^.

RT--qPCR and western blot analysis {#Sec10}
----------------------------------

As described previously^[@CR7]^, total RNA was extracted, and target mRNA was quantified using real-time quantitative reverse-transcription polymerase chain reaction (RT--qPCR) with the primer sequences (designed using NCBI's Primer-BLAST program) listed in Supplemental Table [S1](#MOESM1){ref-type="media"}; β-actin was used as a reference gene. miR-125a-5p was measured using the TaqMan MicroRNA Assay (MIMAT0000829, Applied Biosystems, Waltham, MA) in accordance with the manufacturer's instruction; *U6* was used as a reference gene. For western blot analysis to measure proteins, the following primary antibodies were used (all from Cell Signaling Technology, Inc., Danvers, MA): STAT3 (signal transducer and activator of transcription 3), p-STAT3, Smad2/3, PCNA (proliferating cell nuclear antigen), Bcl-2 (B-cell lymphoma 2), Survivin, and β-actin.

Verification that miR-125a-5p targets STAT3 {#Sec11}
-------------------------------------------

The TargetScan, miRanda, and miRDB algorithms were used to predict possible targets of miR-125a-5p, followed by verification using a 3′-UTR reporter assay. From a list of 35 predicted targets, STAT3 was selected for verification, as STAT3 plays a key role in the pathogenesis of PAH^[@CR9]^. The 3′-UTR of the *STAT3* gene was amplified using PCR from rat genomic DNA, and the amplification product was inserted into a modified pmirGLO dual-luciferase vector (Promega, Madison, WI) at EcoR*I* and Xho*I* restriction sites, resulting in the pFLuc-3′-UTR-STAT3 construct. The following primer pairs were used for PCR amplification: 5′-CAGAATTCCACACTGAAACAGCATAGCCTTT-C-3′ and 5′-CACCTCGAGACCAGGACAGAATAAAAGCCACTG-3′. To generate a mutated 3′-UTR reporter construct, seven nucleotides in the seeding sequence of the predicted miR-125a-5p recognition site were mutated using overlap PCR (see Fig. [1a](#Fig1){ref-type="fig"}). The 3′-UTR reporter assay was performed in HEK-293T cells seeded on 24-well plates. When the cells reached 80--90% confluence, they were transfected with 50 ng of the pFLuc-3′-UTR-STAT3 construct and 50 pmol of the miR-125a-5p agomir or antagomir using the K2 transfection system (Biontex Laboratories GmbH, Martinsried Munich, Germany). Two days after transfection, the cells were harvested and measured using the dual-luciferase assay.Fig. 1STAT3 is a direct regulatory target of miR-125a-5p in HEK-293T cells.**a** Schematic depiction of the pFLuc-3′-UTR-STAT3 luciferase reporter construct containing the 3′-UTR of the rat *STAT3* gene; the predicted miR-125a-5p‒binding site (BS) is indicated. Shown below is the wild-type miRNA binding site (CUCAGGGA), along with the corresponding complementary sequence in the miR-125a-5p miRNA; the sequence of the mutated binding site (GAGTCCC) is also shown. **b** HEK-293T cells were transfected with the indicated constructs; two days after transfection, luciferase activity was measured and is expressed relative to cells transfected with the respective control miRNA. \*\**p* \< 0.01; NS not significant (*p* \> 0.05)

Statistics {#Sec12}
----------

All summary data are presented as fold change or mean value ± SD. The unpaired Student's *t*-test was used to compare two groups; to compare \> 2 groups, a one-way ANOVA followed by Tukey's multiple comparison test or a two-way ANOVA followed by either Bonferroni's or Tukey's multiple comparisons test as used. Differences with a two-sided *p*-value \<0.05 were considered statistically significant.

Results {#Sec13}
=======

MiR-125a-5p is downregulated in a rat model of monocrotaline-induced PAH {#Sec14}
------------------------------------------------------------------------

We first measured miR-125a-5p in a wide range of tissues and found that miR-125a-5p is highly expressed in several tissues, including the pulmonary artery (PA) (Supplemental Figure [S3](#MOESM1){ref-type="media"}). Next, to examine the change in the expression of miR-125a-5p in the PA of rats with monocrotaline-induced PAH (MCT-PAH), we injected rats with MCT or saline (as a control group), isolated the PA 1, 2, or 3 weeks after injection, and then measured the expression level of miR-125a-5p using RT--qPCR. Our analysis revealed that miR-125a-5p was significantly downregulated in the PA at all three time points compared with control rats (Fig. [2a](#Fig2){ref-type="fig"}). The expression of miR-125a-5p was lowest in week 2, and then increased significantly in week 3 (but remained significantly lower than the control group).Fig. 2The expression profile of miR-125a-5p in the pulmonary artery (PA) of MCT-PAH rats and in rat PASMCs.**a** Compared to control rats (*n* = 6), miR-125a-5p was significantly downregulated in the PA of MCT-PAH rats at week 1 (*n* = 6), week 2 (*n* = 8), and week 3 (*n* = 8). **b** miR-125a-5p was significantly downregulated in MCT-PASMCs compared with control PASMCs. The expression level of miR-125a-5p was normalized to *U6*. \*\**p* \< 0.01, \*\*\**p* \< 0.001, and \*\*\*\**p* \< 0.0001 vs. control; ^\#\#^*p* \< 0.01

As discussed above, excessive proliferation and resistance to apoptosis of pulmonary artery smooth muscle cells (PASMCs) is the hallmark feature of PAH. We therefore hypothesized that miR-125a-5p may play a pathological role in this process. To test this hypothesis, we measured the expression of miR-125a-5p in PASMCs obtained from control rats and MCT-PAH rats 3 weeks after MCT injection. Our RT--qPCR data showed that the expression of miR-125a-5p was significantly downregulated in MCT-PASMCs compared with control PASMCs (Fig. [2b](#Fig2){ref-type="fig"}).

MiR-125a-5p therapy partly reduces the development of MCT-PAH {#Sec15}
-------------------------------------------------------------

To examine the effect of miR-125a-5p on the development of MCT-PAH, we increased the expression of miR-125a-5p by treating rats with the miR-125a-5p agomir. Two different doses of the miR-125a-5p agomir (1 or 2 nM) were applied using a nebulizer, and the effects were measured at week 3 (Fig. [3a](#Fig3){ref-type="fig"}) and week 4 (Fig. [3b](#Fig3){ref-type="fig"}) to test the difference between early preventive therapy and late rescue therapy.Fig. 3miR-125a-5p slows the progression of MCT-PAH.The miR-125a-5p agomir (1 nM or 2 nM) was administered by nebulizer, and mRVP, SPAP, and the Fulton index were measured 3 weeks (**a**) or 4 weeks (**b**) after MCT injection (*n* = 5--6 rats per group). AGO, miR-125a-5p agomir; mRVP, mean right ventricular pressure; SPAP, systolic pulmonary arterial pressure. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, and \*\*\*\**p* \< 0.0001 vs. control; ^\#^*p* \< 0.05, ^\#\#^*p* \< 0.01, and ^\#\#\#\#^*p* \< 0.0001 vs. MCT-WK3

At week 3, both doses of the miR-125a-5p agomir significantly reduced systolic pulmonary arterial pressure (SPAP), mean right ventricular pressure (mRVP), and the Fulton index (Fig. [3a](#Fig3){ref-type="fig"}); however, we found no significant difference between the two doses. At week 4, both doses of the miR-125a-5p agomir significantly reduced the Fulton index, but neither dose had any effect on SPAP or mRVP (Fig. [3b](#Fig3){ref-type="fig"}).

Taken together, these results indicate that miR-125a-5p agomir therapy partly reduces the progression of MCT-PAH.

MiR-125a-5p reduces pulmonary vascular remodeling {#Sec16}
-------------------------------------------------

Next, we examined whether miR-125a-5p affects the hallmark histological feature of PAH, pulmonary vascular remodeling, by performing a histological analysis. Rats were sacrificed, and paraffin embed sections were prepared from the lower lobe of the right lung and stained with hematoxylin-and-eosin (H&E). We found that for the early therapy (sacrificed at week 3), both doses of the miR-125a-5p agomir (i.e., 1 and 2 nM) significantly reduced pulmonary vascular remodeling by reducing the percentage of pulmonary artery wall area in MCT-PAH rats (Fig. [4c, d, g](#Fig4){ref-type="fig"}). At week 4, however, neither dose of the miR-125a-5p agomir had a significant effect on pulmonary vascular remodeling (Fig. [4e, f, g](#Fig4){ref-type="fig"}).Fig. 4miR-125a-5p reduces pulmonary vascular remodeling in vivo.Early miR-125a-5p agomir treatment significantly reduced pulmonary vascular remodeling. The images in A-F show representative H&E-stained sections of right lung tissue sections in the indicated groups; the scale bars represent 100 μm. **a** Control, **b** MCT-PAH, **c** the early therapy group with 1 nM miR-125a-5p agomir, **d** the early therapy group with 2 nM miR-125a-5p agomir, **e** the late therapy group with 1 nM miR-125a-5p agomir, and **f** the late therapy group with 2 nM miR-125a-5p agomir. **g** Summary of vascular wall area in the indicated groups (*n* = 5--6 rats per group). \*\*\*\**p* \< 0.0001 vs. control; ^\#\#^*p* \< 0.01 and ^\#\#\#\#^*p* \< 0.0001 vs. MCT-PAH; ^†^*p* \< 0.05 and ^††^*p* \< 0.01

MiR-125a-5p inhibits proliferation and promotes apoptosis of PASMCs {#Sec17}
-------------------------------------------------------------------

Based on the above results, we hypothesized that miR-125a-5p can affect the proliferation and apoptosis of PASMCs. To test this hypothesis, we transfected cultured rat PASMCs with either the miR-125a-5p agomir (50 nM) to induce overexpression of miR-125a-5p or the miR-125a-5p antagomir (100 nM) to inhibit miR-125a-5p expression (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}). We found that the miR-125a-5p agomir inhibited the proliferation of PASMCs (Fig. [5a](#Fig5){ref-type="fig"}) and promoted apoptosis of PASMCs selectively in the early stage (Fig. [6](#Fig6){ref-type="fig"}). In contrast, the miR-125a-5p antagomir increased the proliferation of PASMCs (Fig. [5b](#Fig5){ref-type="fig"}) and inhibited late apoptosis (Fig. [6](#Fig6){ref-type="fig"}).Fig. 5miR-125a-5p inhibits the proliferation of PASMCs.**a** Overexpressing miR-125a-5p with the agomir (50 nM) significantly inhibited the proliferation of rat PASMCs (interaction: *p* \< 0.0001). **b** Downregulating miR-125a-5p expression with the antagomir (100 nM) increased the proliferation of PASMCs (interaction: *p* \< 0.001). AGO-NC and ANTA-NC refer to negative controls for the miR-125a-5p agomir and antagomir, respectively. \*\*\**p* \< 0.001 and \*\*\*\**p* \< 0.0001 vs. the respective negative controlFig. 6miR-125a-5p promotes apoptosis in PASMCs.Overexpressing miR-125a-5p with the agomir promoted the early stage---but not the late stage---of apoptosis in PASMCs. Downregulating miR-125a-5p with the antagomir inhibited the late stage of apoptosis in PASMCs. Q2: cells that stained positive for both Annexin V and propidium iodide (i.e., late apoptosis); Q3: cells that stained positive for Annexin V but not propidium iodide (i.e., early apoptosis). AGO-NC and ANTA-NC refer to negative controls for the miR-125a-5p agomir and antagomir, respectively. \**p* \< 0.05 and \*\**p* \< 0.01

Reciprocal regulation between TGF-β1/IL-6 signaling and miR-125a-5p expression in PASMCs {#Sec18}
----------------------------------------------------------------------------------------

Previous studies^[@CR10]^ showed that the pro-inflammatory cytokines TGF-β1 and IL-6 play an important role in the proliferation and apoptosis of PASMCs. Moreover, the expression of TGF-β1 and IL-6 in the lung tissue of MCT-PAH rats increases progressively as PAH progresses.

To study whether TGF-β1 and/or IL-6 affects the expression of miR-125a-5p, we stimulated cultured PASMCs with TGF-β1 or IL-6, and then measured the expression levels of miR-125a-5p using RT--qPCR. After stimulation with TGF-β1, miR-125a-5p expression was significantly increased on both day 2 and day 3 (Fig. [7a](#Fig7){ref-type="fig"}, right). Moreover, after stimulation with IL-6, miR-125a-5p expression was also significantly increased, although only on day 2 (Fig. [7b](#Fig7){ref-type="fig"}, right).Fig. 7Reciprocal negative regulation between TGF-β1/IL-6 and miR-125a-5p in PASMCs.**a** Overexpressing miR-125a-5p inhibited the expression of TGF-β1, whereas downregulating miR-125a-5p upregulated the expression of TGF-β1. Stimulating cells with TGF-β1 upregulated the expression of miR-125a-5p beginning on day 2. **b** Overexpressing miR-125a-5p inhibited the expression of IL-6, whereas downregulating miR-125a-5p upregulated the expression of IL-6. Stimulating cells with IL-6 upregulated the expression of miR-125a-5p measured on day 2. AGO-NC and ANTA-NC refer to negative controls for the miR-125a-5p agomir and antagomir, respectively. D, Day. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, and \*\*\*\**p* \< 0.0001

Next, to test whether this regulation is reciprocal (i.e., whether miR-125a-5p expression affects the expression of TGF-β1 and IL-6), we incubated PASMCs with either the miR-125a-5p agomir (50 nM) or the miR-125a-5p antagomir (100 nM), and then measured the mRNA and protein levels of TGF-β1 and IL-6 using RT--qPCR and ELISA, respectively. We found that increasing miR-125a-5p expression inhibited the expression of both TGF-β1 and IL-6, whereas downregulating miR-125a-5p expression increased the expression of both TGF-β1 and IL-6 (Fig. [7](#Fig7){ref-type="fig"}).

Taken together, these results suggest the presence of a reciprocal negative feedback system between miR-125a-5p and TGF-β1/IL-6 in PASMCs.

MiR-125a-5p inhibits key signaling molecules downstream of TGF-β1 and IL-6 {#Sec19}
--------------------------------------------------------------------------

Previous studies found that the TGF-β1/Smad2/3 and IL-6/STAT3 signaling pathways play an essential role in the development of PAH^[@CR9],\ [@CR11],\ [@CR12]^. We therefore examined the effect of modulating miR-125a-5p expression on Smad2/3 and STAT3, two key signaling molecules downstream of TGF-β1/IL-6 signaling. Our results show that upregulating miR-125a-5p decreased the expression of both STAT3 and Smad2/3; in contrast, downregulating miR-125a-5p increased the expression of STAT3 and Smad2/3 (Fig. [8](#Fig8){ref-type="fig"}).Fig 8miR-125a-5p regulates downstream molecules of TGF-β1 and IL-6 signaling pathway.**a** Western blot analysis of STAT3, Smad2/3, PCNA, Survivin, and Bcl-2 in PASMCs treated as indicated. **b** Summary of the data shown in **a**. **c** RT--qPCR results showing the mRNA levels of *STAT3*, *PCNA*, and *Bcl-2* in PASMCs treated as indicated, expressed relative to the respective control groups. AGO-NC and ANTA-NC refer to negative controls for the miR-125a-5p agomir and antagomir, respectively. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, and \*\*\*\**p* \< 0.0001

MiR-125a-5p directly suppresses STAT3 expression via the *STAT3* 3′-UTR {#Sec20}
-----------------------------------------------------------------------

Bioinformatics analysis predicted that the 3′-UTR of the *STAT3* gene contains a conserved putative binding site for miR-125a-5p (5′-CUCAGGGA-3′). Therefore, to determine whether miR-125a-5p directly regulates STAT3 expression via its 3′-UTR, we cloned the *STAT3* 3'-UTR fragment containing either the putative miR-125a-5p‒binding site or the same sequence with a mutated miR-125a-5p‒binding site; these sequences were inserted downstream of a Renilla luciferase reporter gene in the pmirGLO vector (Fig. [1a](#Fig1){ref-type="fig"}). We then co-transfected HEK-293T cells with either the wild-type or mutant luciferase reporter vector together with the miR-125a-5p agomir and measured luciferase activity.

In cells expressing the *STAT3* 3′-UTR fragment containing the putative miR-125a-5p-binding site, the miR-125a-5p agomir reduced luciferase activity by 24%, whereas an unrelated (control) miRNA agomir had no effect (Fig. [1b](#Fig1){ref-type="fig"}). In contrast, cells expressing the reporter construct containing the mutated *STAT3* 3′-UTR were unaffected by the miR-125a-5p agomir (Fig. [1b](#Fig1){ref-type="fig"}). These results provide a mechanistic explanation for our finding that miR-125a-5p inhibits the expression of STAT3 in cultured PASMCs (Fig. [8](#Fig8){ref-type="fig"}).

MiR-125a-5p suppresses proliferation and apoptosis markers downstream of STAT3 signaling {#Sec21}
----------------------------------------------------------------------------------------

Finally, we examined the effect of miR-125a-5p on proliferation and apoptosis markers downstream of STAT3 using RT--qPCR and western blot analysis to measure the expression levels of PCNA (proliferating cell nuclear antigen), Survivin, and Bcl-2^[@CR9]^. We found that the miR-125a-5p agomir led to reduced expression of all three markers at both the mRNA and protein levels, whereas the miR-125a-5p antagomir led to increased expression of these three markers, suggesting that miR-125a-5p regulates signaling molecules downstream of STAT3.

Discussion {#Sec22}
==========

In the current study, we examined the therapeutic potential of increasing miR-125a-5p expression in the development of pulmonary arterial hypertension using an established rat model of monocrotaline-induced PAH (MCT-PAH). Our results provide evidence that miR-125a-5p has both anti-proliferative and pro-apoptotic effects on pulmonary artery smooth muscle cells (PASMCs) via the TGF-β1/Smad2/3 and IL-6/STAT3 signaling pathways, consistent with their known pathophysiological role in PAH^[@CR10],\ [@CR13]^. Therefore, in addition to demonstrating the important role of miR-125a-5p in PAH, our findings suggest that this miRNA may be a new therapeutic target for patients with PAH.

We found that miR-125a-5p is downregulated in the pulmonary artery (PA) of MCT-PAH rats compared with control rats. Interestingly, however, the time course of this downregulation was dynamic, reaching maximum downregulation two weeks after MCT-PAH was induced; by three weeks, miR-125a-5p expression had recovered significantly, although expression had not yet returned to control levels. Previous reports emphasized the importance of miR-125a in hypoxia-induced pulmonary hypertension (PH), but with conflicting results. Huber et al. found that miR-125a expression was increased in the lung tissue of PH mice^[@CR14]^, whereas Ma et al.^[@CR15]^ found decreased expression in the PA of PH mice. Thus, further research is clearly needed in order to clarify the role of miR-125a in hypoxia-induced PH. With respect to our study, our expression profile regarding miR-125a-5p in our MCT-PAH model is consistent with previous findings. For example, Caruso et al.^[@CR16]^ found a dynamic miRNA expression profile in the lung tissues of MCT-PAH rats. In their control group, the absolute expression level of miR-125a-5p was \~2 ng/nl; in the MCT-PAH group, the level of miR-125a-5p was \~1.6, 0.8, and 1.2 ng/nl on days 2, 7, and 21, respectively, consistent with peak downregulation occurring after 1 week. Moreover, Gareri et al.^[@CR17]^ found that miR-125a-5p is robustly expressed in aortic vascular smooth muscle cells, but is downregulated following vascular injury, which is similar with our findings. These results suggest that miR-125a-5p plays an important role in MCT-PAH. To demonstrate clinical relevance, we found that inducing miR-125a-5p expression using an agomir delivered via a nebulizer slowed the progression of MCT-PAH by improving hemodynamics and the Fulton index; moreover, these beneficial effects were stronger in early preventive therapy at week 2 than in late rescue therapy at week 3, suggesting that early preventive therapy is more efficacious. In addition, miR-125a-5p therapy reduced pulmonary vascular remodeling, and again the early time point had more improvement than the later time point. Thus, early intervention is important in treating PAH.

Our histological finding that miR-125a-5p reduces pulmonary vascular remodeling prompted us to focus on the role of miR-125a-5p on the proliferation and resistance to apoptosis of PASMCs; however, we cannot exclude the possibility that miR-125a-5p plays a role in pulmonary artery endothelial cells (PAECs), which have also been implicated in the pathogenesis of PAH^[@CR18]^. In addition, Huber et al. found that miR-125a plays a role in PAECs in their hypoxia-induced mouse model; however, they did not make a distinction between miR-125a-5p and miR-125a-3p^[@CR14]^. In our study, we found that overexpressing miR-125a-5p inhibits proliferation and promotes apoptosis of PASMCs, whereas downregulating miR-125a-5p increases proliferation and inhibits late apoptosis. Based on our findings, as well as the recent report by Gareri et al.^[@CR17]^ showing that overexpressing miR-125a-5p is sufficient to reduce VSMCs proliferation, we propose that miR-125a-5p reduces pulmonary vascular remodeling in PAH by inhibiting proliferation and promoting apoptosis in PASMCs. However, the precise mechanism by which miR-125a-5p regulates these cellular processes in PASMCs remains unclear and warrants further study.

Early and persistent inflammation contributes to pulmonary vascular remodeling in PH^[@CR13]^. Previous studies found that the pro-inflammatory cytokines TGF-β1 and IL-6 play an essential role in pulmonary vascular remodeling. In addition, several groups reported that TGF-β1 signaling pathway plays a key pathogenic role in PAH^[@CR11],\ [@CR12],\ [@CR19],\ [@CR20]^. For example, activation of TGF-β1 can induce excessive proliferation and reduced apoptosis of PASMCs via Smad2/3, thus driving pulmonary vascular remodeling^[@CR11]^. Similarly, activation of IL-6 can up-regulate STAT3 (signal transducer and activator of transcription 3), ultimately inducing excessive proliferation and apoptosis resistance in PASMCs^[@CR9]^. Recently, several studies found that TGF-β1 can also regulate cell proliferation and apoptosis via STAT3^[@CR21],\ [@CR22]^. Thus, activation of the TGF-β1/IL-6/STAT3 signaling pathway appears to play an essential role in the pathogenesis of PAH. Consistent with this notion, we found that miR-125a-5p modulates the proliferation and apoptosis of PASMCs via the TGF-β1/Smad2/3 and TGF-β1/IL-6/STAT3 signaling pathways.

Interestingly, our results provide the first evidence of reciprocal negative feedback regulation between miR-125a-5p and TGF-β1/IL-6 in PASMCs. Specifically, upregulating and downregulating miR-125a-5p reduced and increased, respectively, the expression of both TGF-β1 and IL-6; in contrast, treating PASMCs with either TGF-β1 or IL-6 led to increased expression of miR-125a-5p. Because miR-125a-5p expression is decreased early in MCT-PAH, whereas TGF-β1 and IL-6 levels are increased late in MCT-PAH, we speculate that downregulation of miR-125a-5p may be an initial triggering factor in the pathogenesis, especially inflammation response of MCT-PAH. Thus, following MCT injection in rats, the early decrease in miR-125a-5p expression may serve as a signal to recruit inflammatory cells such as macrophages to the pulmonary artery, thus producing more and more TGF-β1 and IL-6 to PASMCs, including self-secreting, in order to rescue miR-125a-5p expression and restore cellular homeostasis. In this respect, it is important to note that Chen et al. found that inhibiting miR-125a-5p expression in macrophages significantly increased the levels of secreted TGF-β by nearly three-fold^[@CR23]^. These results may explain why miR-125a-5p expression began to recover within three weeks following MCT injection. Although a clear causal relationship between miR-125a-5p and TGF-β1/IL-6 has not been established, these results provide further evidence that the downregulation of miR-125a-5p is an initial pathogenic factor in MCT-PAH.

Consistent with signaling pathways downstream of TGF-β1 and IL-6, we found that the expression of both Smad2/3 and STAT3 is regulated by miR-125a-5p expression. Interestingly, some miRNAs---for example, miR-17/92^[@CR24]^ and miR-204^[@CR25]^ have been linked to the STAT3 signaling pathway in PAH^[@CR9]^; however, these miRNAs act downstream of STAT3. In our study, we found that miR-125a-5p can directly suppress the expression of STAT3 by targeting its 3′-UTR, thereby reducing the expression of downstream markers of cell proliferation and apoptosis, including PCNA, Survivin, and BcL-2, which are also downstream markers of Smad2/3.

In conclusion, our findings suggest that the microRNA miR-125a-5p plays an important role in the development of MCT-PAH. These data may have clinical relevance, suggesting that targeting miR-125a-5p may provide a novel approach to treating PAH; consistent with this notion, we found that treating rats with the miR-125a-5p agomir can slow the progression of MCT-PAH and reduces pulmonary vascular remodeling. Finally, we provide the first evidence that miR-125a-5p has reciprocal negative feedback regulation with TGF-β1/IL-6, and regulates the proliferation and apoptosis of PASMCs by directly targeting the *STAT3* 3′-UTR.
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